Loci on chromosome 4 near Lv and on chromosome 6 near Tnfr1 are associated with resistance to coccidioidomycosis in mice. To assess the importance of the Lv locus, we compared C57BL/6 (B6) with C57BL/10 (B10), strains that are nearly congenic for the Lv locus. Fourteen days after intraperitoneal infection, B6 mice had nearly 100-fold more Coccidioides immitis in their lungs than did B10 mice (log 6.2 vs. log 4.8). Furthermore, the time to 50% deaths was 15 days for B6 and 22 days for B10. Nevertheless, 90% of B10 mice had died by day 28. In other mouse strains, we found a direct correlation between lung colony-forming units and levels of interleukin (IL)-10 and IL-4 mRNA, but B10 mice had 100-fold higher lung levels of IL-10 and 10-fold higher levels of IL-4 mRNA than did B6 mice, despite having less C. immitis. In the absence of IL-10, B10 mice are resistant to lethal infection. These results suggest that a locus near Lv is responsible for early resistance to coccidioidomycosis but not for modulating the IL-10 and IL-4 responses. This locus is not sufficient to make C57BL mice resistant to coccidioidomycosis.
had high levels of IL-10 mRNA in their lungs 15 days after infection, and IL-10-deficient mice with the B10 genetic backgrounds were much more resistant to C. immitis. These results provide additional evidence for the genetic control of the IL-10 response and for the detrimental effects of IL-10 on resistance to this fungal infection.
Materials and Methods
Mice. Female 6-week-old mice were purchased from The Jackson Laboratory (Bar Harbor, ME), except for the IL-10-deficient (knockout) [7] female mice, which were bred at our facility. Mice were allowed free access to food and water. After infection they were housed inside a BL3 isolation facility in a glove box with Hepa-filtered air that was exhausted directly to the outside.
Infection. Female mice 6-8 weeks old were infected ip with arthroconidia of C. immitis strain RS, as described elsewhere [5] . Lungs were removed sterilely at necropsy; 1 lung was used for quantitative cultures and the other for preparation of RNA, as described elsewhere [5] .
Cytokine mRNA. We measured IL-10 and IL-4 mRNA levels in tissue by use of a quantitative, competitive reverse-transcription polymerase chain reaction (PCR) method, as described elsewhere [8] .
Statistics. The geometric mean number of cfu/lung was calculated, because the distribution of cfu/lung is not normal in mice [4] . The 2-tailed Fisher's exact test was used to compare mortality rates, and the Mann-Whitney U test (GraphPad, San Diego) was used for comparison of median cfu/lung counts.
Simple 348. Sixteen of these SSLP segments are located within 10 cM of Lv on chromosome 4, according to the map supplied by the Research Genetics and Mouse Genome Informatics (The Jackson Laboratory) web site [9] .
Genomic PCR. DNA was isolated from tail snips by standard techniques. We amplified the DNA from the Lv locus by use of primer, as described by Bishop et al. [10] . The PCR products were run on both agarose and acrylamide gels, with similar results. We typed the alleles of the Tnrf1 gene by amplifying the polymorphic region, as described elsewhere [4] .
Results
We infected mice ip with ∼500 arthroconidia. By day 14 after infection, 79% of the B6 mice were dead, whereas only 8% of the B10 mice had died (table 1). The B10 mice had an average of log 10 4.57 cfu/lung on day 14 (there were too few surviving B6 mice alive on the planned day of euthanasia [day 14] to get a meaningful result from organ cultures in this experiment). We also infected ( )F 1 mice to determine whether resistance B6 ϫ B10 was dominant, and 3 of 9 were dead by day 14. The survivors had a geometric mean of log 10 5.87 cfu/lung, which is 1 log higher than the mean count in the B10 mice, but the difference was not quite statistically significant ( ). Together, these P = .06 results imply that the B10 strain has an allele at the Lv locus that confers resistance to C. immitis at this early stage of infection, and resistance is either dominant or codominant.
In an earlier study [1] , we found that the 30-day mortality (LD 50 ) for C. immitis was essentially the same in B10 and B6 mice. Therefore, we compared the survival of the 2 strains of mice over a 4-week period after infection. As shown in figure 1, B6 mice died sooner than B10 mice did (9/10 vs. 2/10 were dead by day 15 after infection). However, as we had found previously, nearly all the B10 mice (9/10) were dead by day 28, indicating susceptibility to infection. Since the cfu/lung in B10 mice increased nearly 10-fold from day 14 to day 18 after infection (table 1), we concluded that the B10 mice died of overwhelming pneumonia, as did the B6 mice.
It has been reported that B6 and B10 mice differ in the activity of aminolevulinate dehydratase, which is encoded by Lv on chromosome 4 [11] . The genetic basis for the different Lv phenotypes is the number of tandem repeats of the Lv gene, which encodes the enzyme [10] . The differences in the number of repeats can be detected by use of PCR of genomic DNA. Our comparison of B6 and B10 mice showed that the PCR products differed at the Lv locus as predicted (figure 2). We amplified a single 204-bp band from B6 mice, which have a single copy of Lv, whereas B10 mice have another 240-kDa band, which is indicative of a gene duplication (the size of the bands differs from that reported in the published results, but it has been confirmed by the original authors [T. R. Bishop, personal communication] ). We then compared 21 SSLPs that map to this region of chromosome 4, 16 of which are located within 10 cM of the Lv gene, and we found no variation between B10 and B6 mice (see Materials and Methods and figure 3).
We showed previously that there is a direct correlation between IL-10 mRNA levels and severity of infection in BXD lines [5] and in several other inbred strains [4] . In the present study, we compared the IL-10 and IL-4 mRNA levels in B6 and B10 mice. Because there was variability among the B10 mice in the severity of infection on day 14, we divided them into 2 categories: those that had more and those that had fewer cfu/lung than the median counts in DBA/2 mice. All B10 mice had higher levels of IL-10 and IL-4 on day 14 after infection, regardless of the lung colony counts (table 2) .
We have reported elsewhere that IL-10-deficient mice are much more resistant to C. immitis than B6 mice, as measured by low colony counts in their lungs and spleens on day 15 after infection [5] . When we realized that the IL-10 knockout was on a B10 background and that B10 and B6 mice were not equivalent in their resistance to C. immitis, we repeated the experiment using B10 mice as the controls. As shown in figure  4 , although there was overlap between the groups, the geometric mean cfu/lung in IL-10-deficient mice was 12 logs lower than that in the controls ( ), and there was a 10-fold difference P р .01 between the genetic mean values in the spleens. Although these differences between the groups are not as great as we had earlier reported when the controls were B6 mice, IL-10-deficient B10 mice are still more resistant than controls. Importantly, in another experiment, all 6 IL-10-deficient B10 mice survived for 28 days after ip infection with ∼500 arthroconidia, whereas 90% of B10 mice had died by that day.
Discussion
We previously mapped 2 genetic loci that promote resistance to C. immitis in mice, using BXD RI lines (BXD mice are inbred strains that were derived from a cross between B6 and DBA/ 2 mice). We defined resistance in that study in relation to the number of cfu/lung and/or spleen 14 days after infection. One of the genetic resistance loci identified in that study is on chromosome 4 near the Lv gene (d-aminolevulate dehydratase), and the other locus is on chromosome 6 near Tnfr1 (tumor necrosis factor receptor 1) [4] .
To independently confirm the role of the Lv locus in resistance to C. immitis, we compared the responses of B10 and B6 mice to infection. The B6 and B10 strains of mice are substrains of C57BL that separated in 1937 [12] . They are so closely related that the 2 strains are often used interchangeably. However, it was recently discovered that B6 and B10 mice, owing to a gene duplication in B10 mice, have a genetic polymorphism at the Lv locus [6] . DBA/2 mice, which are resistant to C. immitis, also have this duplication. We confirmed the polymorphism of the Lv gene (figure 2) but found no other polymorphisms at 21 loci defined by SSLP markers that map to that region of chromosome 4. The 2 markers in that set that were closest to the Lv gene left a region around Lv of ∼3 cM that has not been examined for polymorphisms in these 2 substrains and therefore might contain the gene of interest. Relatively few genes have been mapped in this segment of chromosome 4, and there is no obvious candidate gene near Lv.
We did not expect B10 mice to be more resistant to C. immitis, because we had found previously that the 2 strains had essentially the same LD 50 after 30 days [1] . However, we found that at day 14-15 after ip infection, B6 mice had nearly 100 times more C. immitis in their lungs, on average, than B10 mice. We then compared their survival over a 4-week period. Although the median time to death for B10 mice was 7 days longer than that for B6 mice, both strains of C57BL mice were ultimately susceptible to this infection (figure 1). Thus, it appears that a gene near the Lv locus is involved in the early, innate response to C. immitis infection, and mice with a "resistant" allele at this locus are better able to control the growth of this fungus for about 3 weeks after infection. However, the beneficial allele at this locus is not by itself sufficient to make a highly susceptible strain, such as the C57BL, fully resistant. The infection eventually progressed and killed the B10 mice, whereas 190% of DBA/2 mice survived infection with an inoculum of the same size [1] . We know from our study of BXD lines that the Lv locus is not the only locus involved in resistance to C. immitis. For instance, BXD 29 is B6 at Lv but is fully resistant to C. immitis (90% survived to day 28).
Another interesting finding in this study was that on day 14 after infection, B10 mice had high levels of IL-10 and IL-4 mRNA in the lung, regardless of the severity of their infections (table 2). We previously determined that there is a direct correlation between the numbers of cfu/lung and IL-10 levels in the lung in 5 inbred mouse strains and 26 BXD RI lines [4, 5] . In the current experiments, some of the B10 mice had colony counts that were even lower than the counts in DBA/2 mice, but all the B10 mice had high levels of IL-10 and IL-4 mRNA in their lungs 14 days after infection, regardless of their burden of organisms. Since B10 mice were not truly resistant to C. immitis, although they appeared to be resistant on day 14 when the mRNA levels were measured, the high levels of IL-10 (and IL-4) predicted their ultimate susceptibility to C. immitis. We have proposed that high levels of IL-10 predispose mice to severe coccidioidomycosis [5] , and Magee and Cox have implicated IL-4 as a detrimental cytokine [13] . This is further evidence that high levels of these cytokines mediate susceptibility to coccidioidomycosis and are not simply the result of a large antigenic burden.
We cannot exclude the possibility that it is not the Lv locus but another polymorphism that accounts for the difference between B6 and B10 mice in early resistance to C. immitis infection. However, because our previous mapping of resistance genes in BXD lines identified the Lv locus, it is more likely that the Lv locus, rather than another polymorphic locus on chromosome 4, is responsible for the differences between B6 and B10 mice [4] . The Lv locus maps to 30 cM from the centromere of chromosome 4, whereas the other polymorphic markers are quite distal at 60-65 cM [6] . The Toll-4 receptor maps ∼3 cM distal to Lv, but the sequence of that gene is identical in B6 and B10 mice [14] . If the locus near Lv is partially responsible for genetic resistance to coccidioidomycosis, this has implications for human disease, because the gene order in the region around Lv is conserved on chromosome 9 in humans [15] .
We previously showed that resistance to C. immitis is the dominant phenotype [1] . In the present experiments, we found that the number of organisms in the lungs of B6xB10F 1 mice did not differ significantly from those of B10 mice. Although the F1 mice were clearly more resistant than B6 mice, 3 of 9 F1 mice died before day 14, and they had a higher average colony count than B10 mice. Although the difference in cfu/ lung between the F1 and B10 mice did not reach statistical significance, the mean cfu/lung was calculated from the 6 F1 mice that survived to day 14, so the true mean may actually have been higher in that group. Therefore, we cannot be certain whether the B10 allele is dominant or codominant.
Because we found that B10 mice were more resistant to C. immitis than were B6 mice, we realized that in our previous experiments we had used the wrong control strain (B6) for IL-10-deficient B10 mice [5] . Therefore, we repeated our previous experiments, using B10 mice as the controls. As before, the IL-10 knockout mice had fewer organisms in their lungs and spleens on day 15 after infection than did the controls (figure 4), although the differences were not as great as those we had found when we used B6 mice as controls. However, even though the B10 mice ultimately died of coccidioidomycosis, IL-10-deficient B10 mice did not die for up to 4 weeks after infection. This is further evidence that IL-10 plays an important role in predisposing C57BL mice to lethal coccidioidomycosis.
